Summary
In previous studies, we identified a gene product belonging to the silent information regulatory 2 protein (SIR2) family. This protein is expressed by all Leishmania species so far examined (L. major, L. infantum, L. amazonensis, L. mexicana) and found to be crucial for parasite survival and virulence. In the present study, we investigated whether a Leishmania SIR2 recombinant protein (LmSIR2) would affect T-and B-cell functions in a murine model. In vitro treatment of spleen cells from normal BALB/c mice with LmSIR2 showed increased expression of CD69 on B cells. This effect was not abolished by the addition of polymyxin B. Intravenous injection of LmSIR2 into BALB/c mice induced increased spleen B cell number by a factor of about %1Á6, whereas no modification occurred at the level of CD4 + and CD8 + cells. Furthermore, intraperitoneal injection of LmSIR2 alone without adjuvant into BALB/c mice or nude mice triggered the production of elevated levels of LmSIR2-specific antibodies. The analysis of specific isotype profiles showed a predominance of immunoglobulin G1 (IgG1) and IgG2a antibody responses in BALB/c mice, and IgM in nude mice. Moreover, the anti-LmSIR2 mouse antibodies in the presence of complement induced the in vitro lysis of L. infantum amastigotes. In the absence of complement, the antibodies induced significant inhibition of amastigotes developpement inside macrophages. Together, the current study provides the first evidence that a Leishmania protein belonging to the SIR2 family may play a role in the regulation of immune response through its capacity to trigger B-cell effector function.
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I M M U N O L O G Y O R I G I N A L A R T I C L E
result of polyclonal B-cell activation, which invariably produce large amounts of parasite non-specific antibodies with self autoreactivity particularly the immunoglobulin M (IgM) and IgG isotypes. 5 Using a mechanism common to other intracellular pathogens, Leishmania spp. displays mitogenic-like activities that produce a non-specific general activation of lymphocytes. Thus, previous reports have characterized immunosupressor factors and mitogenic molecules within the parasite antigens. 6, 7 Thus, it seems that the persistence of infection could be related somehow to the immunosuppression phenomenon, the non-specific responses, and the development of autoimmune processes in relation to defined parasite molecules. Therefore, it seems reasonable to assume that induction of specific responses against 'immunodominant', 'immunopathological' or 'protective' antigens, which could interfere with some of the biological activities, might be among the most effective means to block the development of pathogenic processes. 8 It is generally accepted that protective immunity against leishmaniasis is associated with a classical cell-mediated immune response, rather than a humoral one. This view has been interpreted in context of the T helper 1 (Th1)/ Th2-biased responses in the mouse model of L. major. However, in visceral leishmaniasis, while a interleukin-12 (IL-12)-driven type 1 response is imperative for protection, type 2 responses (that support humoral immunity) also play a role, although minor, in promoting resistance. 9 Although the real contribution of antibodies is still under debate, studies in different intracellular pathogens have shown that antibodies can also have a function in restricting the infection when the parasite is exposed to the extracellular milieu. 10 In leishmaniasis, interaction of antibodies with the parasite could occur when the promastigote infects an individual or when the amastigotes are released from the infected macrophages. 11 Moreover, their possible role in protection was shown by passive in vivo transfer of monoclonal antibodies. 12 In previous reports we have characterized silent information regulatory 2 protein (SIR2) proteins from L. major (LmSIR2) 13 and L. infantum (LiSIR2) 14 while two other related protein sequences can be found in the Leishmania genome database (L. major sirtuin (CAB55543), L. major cobB (LmjF34.2140). Molecular and biological approaches allowed us to show the potential role of LmSIR2 and LiSIR2 genes in parasite survival. 14, 15 Furthermore, using LmSIR2 as a probe, immunological investigations demonstrated that LmSIR2 was highly immunogenic during natural human and canine infections. 16 In the current study, we investigated whether LmSIR2 would trigger the activation of murine lymphocytes, and surprisingly murine B cells, but not T cells, respond strongly and directly to stimulation with LmSIR2. The B cells underwent differentiation in vivo as evidenced by the production of significant levels of specific antibodies. Our data suggest an immunoregulatory role of leishmania SIR2 protein during leishmaniasis.
Materials and methods

Leishmania strain and mice
A cloned line of L. infantum (MHOM/MA/67/ITMAP-263, wild type (WT)) was used for the infectious challenge. A cloned line of L. infantum expressing the luciferase (LUC) gene derived from WT 17 was used in all in vitro experiments. Six to seven-week-old BALB/c male mice were obtained from Harlem Iberica (Spain). Sevenweek-old BALB/c athymic (nude) mice were obtained from Charles River (L'Arbresle, France).
Purification of LmSIR2
The L. major SIR2 was obtained as recombinant protein containing six histidine residues at its N-terminal. The construction of plasmid and purification of protein have been described elsewhere. 18 The purity of the recombinant protein (LmSIR2) was analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) stained with Coomassie blue. For biological assays, the protein was dialysed against phosphate-buffered saline (PBS) in decreasing concentrations of urea. The final dialysis was performed against PBS. The protein concentration was determined using the Folin procedure. 19 To eliminate endotoxins, the recombinant protein was passed through an EndoTrapÒred column (Profos, Germany) following manufacturer's instructions.
Mouse injections
In the case of BALB/c mouse experiments two different routes of administration were followed. One group of BALB/c mice was injected three times intraperitoneally (i.p.) at a 7-day interval with 50 lg of LmSIR2 in 300 ll of PBS, or 300 ll of PBS (control group). Two weeks after final immunization, spleens and sera were collected. Another group of BALB/c mice received one intravenous (i.v.) injection of 20 lg of LmSIR2 in 150 ll of PBS, or 150 ll of PBS (control group). After 72 hr, mice were killed and spleens collected. In the case of BALB.nude mice, two groups of five mice each were injected three times i.p. at a 7-day interval with either 50 lg of endotoxin-free LmSIR2 in 400 ll of PBS, or 400 ll of PBS (control group).
BALB/c mice immunization and infection
For immunization, one group of BALB/c mice was injected three times i.p. at a 7-day interval with 50 lg of LmSIR2 in 200 ll of sterile PBS. A control group was injected with 200 ll of sterile PBS in a similar schedule. Fifteen days after the last immunization both groups were challenged with 10 8 stationary-phase WT promastigotes ressuspended in 200 ll of sterile PBS.
Spleen B-cell isolation
After cervical dislocation, the spleens were removed and homogenized in a Petri dish to obtain a single-cell suspension. After two washes in RPMI-1640 culture medium (Cambrex, Saint Beauzine, France), the cells were adjusted to 10 7 /ml in RPMI-1640 culture medium supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 100 U/ml penicillin, 100 lg/ml streptomycin and 20 mM HEPES. Spleen B-cell isolation was carried out using a B Cell Isolation Kit, MACSÒ (Miltenyi Biotec, Auburn, CA) as described by the manufacturer. The effectiveness of B-cell purification was determined by double labelling with specific monoclonal antibodies (mAb; anti-l + , anti-CD4 + and anti-CD8 + ) and further fluorescence-activated cell sorting (FACS) analysis. After purification, we obtained over 97% B-cell purity.
Flow cytometry determinations
Spleen cells or isolated B cells from normal or LmSIR2 immunized mice and their respective controls were prepared in order to obtain single-cell suspensions. The cells were washed by centrifugation and ressuspended in PBS supplemented with 2% FCS. A total of 10 6 viable cells were incubated for 30 min at 4°with saturating concentrations of phycoerythrin (PE)-conjugated mAb to CD69 plus fluorescein isothiocyanate (FITC)-conjugated mAbs to either CD4, CD8a or IgM (anti-l) from BD Pharmingen (San Diego, CA). After two washing steps with PBS)2% FCS, the cells were analysed by flow cytometry in a FACS Scan equipped with CellQuest Pro software (Becton Dickinson, San Jose, CA). Lymphocytes were selected on the basis of forward scatter/side scatter values and dead cells were excluded from all samples by propidium iodide labelling.
To evaluate the binding of antibodies to LUC-recombinant WT amastigotes, 2Á5 · 10 5 parasites were washed twice in PBS containing 0Á5% of bovine serum albumin (PBS-BSA) and incubated for 30 min at 4°with mouse anti-SIR2 immune serum diluted 1 : 10 in PBS-BSA. After two washes with PBS-BSA, the parasites were incubated for 30 min at 4°with FITC-conjugated goat anti-mouse IgG diluted 1 : 5000 in PBS-BSA. Labelled amastigotes were washed twice and resuspended in 500 ll of PBS-BSA followed by flow cytometry analysis. A preimmune serum was used as control. Results were expressed as mean fluorescent intensity (MFI).
Enzyme-linked immunosorbent assays (ELISA) for immunoglobulins
Ninety-six-well flat-bottomed microtitre plates (Greiner, Laborchnik, Solingen, Germany) were coated overnight at 4°with one of the following reagents in 0Á01 M carbonate/ bicarbonate buffer pH 8Á5: unlabelled goat anti-mouse immunoglobulin (5 lg/ml), total L. infantum protein extract (10 lg/ml), LmSIR2 (5 lg/ml), whale skeletal muscle type II myoglobulin (MYO, 5 lg/ml), keyhole limpet haemocyanin (KLH, 5 lg/ml), LmS3a (5 lg/ml). The plates were washed with PBS containing 0Á1% Tween-20 (PBS-T) and blocked with PBS 1% gelatine (200 ll/well) for 1 hr at 37°. The plates were incubated at 37°with serial dilutions (for total titres) or 1 : 100 dilutions in triplicate (for specific antibody reactivity) of each serum for 2 hr. After washing with PBS-T, the plates were incubated for 30 min at 37°with peroxidase-labelled goat antimouse immunoglobulin isotypes (anti-IgM, anti-IgG, anti-IgG1, anti-IgG2a) and developed with 0Á5 mg/ml of o-phenylenediamine dihydrochloride (OPD, Sigma, St Louis, MO) with 10 ll of H 2 O 2 in citrate buffer. The reactions were stopped by the addition of 50 ll of 3 M HCl to each well. The concentration of non-specific antibody was determined by comparison to a standard curve generated with unlabelled purified isotypes. Absorbance values were read at 492 nm in an automatic ELISA reader.
Western blot
The SDS-PAGE (12%) was run with 50 lg of LUC-L. infantum amastigotes total protein extract in each lane. After migration proteins were transferred onto a nitrocellulose membrane, using transfer buffer (10% of Tris-glycine 10·, 20% of ethanol 100%). Transfer was performed at 80 mA for 75 min at room temperature (RT). Membranes were then saturated for 1 hr with a solution of PBS (0Á01 M pH 7Á4) complemented with 5% fat dehydrated milk, during 1 hr at RT. The first antibody (sera from LmSIR2-treated mice, sera from PBS-treated mice or preimmune sera) was incubated overnight at 4°, with agitation, and then washed three times in 0Á05% PBS-Tween for 15 min at RT and two times in PBS for 10 min. Horseradish peroxidase (HRP)-labelled goat antibodies to mouse IgG were then added at a dilution of 1 : 5000 and membranes were incubated for 1 hr at RT with agitation, followed by washing procedures as above. At last, it was revealed with ECL Western blotting analysis system.
Immunofluorescence assays
L. infantum axenic amastigotes were fixed with 4% paraformaldehyde in PBS for 1 hr at room temperature. After several washes, the parasites were permeabilized with 0Á1% (v/v) Triton-X-100 in PBS. Parasites were then incubated with a mouse immune serum to LmSIR2 or preimmune serum (control) diluted 1 : 100 in PBS and containing 1% bovine serum albumin (PBS-1% BSA). The secondary antibody used was Alexa Fluor 488 goat anti-mouse IgG diluted 1 : 100 in PBS-1% BSA (Molecular Probes, Eugene, OR). Washed parasites were mounted in Vectashield with DAPI (Vector Laboratories, Burlingame, CA) and analysed with a fluorescent microscope (Axioskop-Carl Zeiss, Jena, Germany) at 1000· magnification and images captured with a digital camera (Spot 2-Diagnostic Instruments, Sterling Heights, MI, USA) and the software Spot 3.1 (Diagnostic Instruments, USA).
Complement mediated lysis assay (CML)
CML assay was done according to Norris et al. 20 with some modifications. Briefly, cultured LUC-recombinant promastigotes or amastigotes were washed and resuspended in RPMI-1640 culture medium with 10% of BSA at 10 7 /ml. A 50-ll portion of this suspension was incubated with a mouse anti-LmSIR2 immune serum for 1 hr, washed and incubated with rabbit complement (1 : 10) for an additional hour. All incubations were carried out at 37°. The complement lysis was determined by measuring the luciferase activity of the remaining intact parasites after washing. The percentage of lysis was determined as follows: killing percentage ¼ 100 ) [(luciferase activity after antibodies plus complement/luciferase activity after antibody plus inactivated complement) · 100].
In vitro macrophage infections
Peritoneal macrophages obtained from 6-8-week-old healthy male BALB/c mice were washed with prewarmed RPMI-1640 medium supplemented with 10% FCS, 2 mM glutamine, 100 U/ml penicillin and 100 lg/ml streptomycin and cultured at 2 · 10 4 macrophages/well in 96-well test plates (TPP, Trasadingen, Switzerland). Non-adherent cells were removed by washing twice with prewarmed RPMI medium and macrophages were infected with cultured LUC-recombinant amastigotes (pretreated or not with sera for 1 hr at 37°with 5% CO 2 ) at a ratio of 5 : 1 amastigotes per macrophage for 2 hr at 37°with 5% CO 2 . Non-internalized parasites were removed by gently washing, and culture was maintained for 24 hr. The sera were decomplemented by incubation at 56°for 1 hr in a water bath.
Luciferase activity
The luciferase activity of the LUC-recombinant parasites in the CML assay or in intracellular amastigotes isolated from infected macrophages was determined essentially as described elsewhere. 21 Values were expressed as relative light units (RLU).
Statistical analysis
The data were analysed using Student's t-test.
Results
B cells, but not T cells, express CD69 in response to LmSIR2 treatment
In previous studies we have examined the antibody response during human and canine L. infantum infections using defined recombinant Leishmania proteins (LmS3a, LmSIR2 and LimTXNPx 16 ). The LmSIR2 was found to be among highly immunoreactive antigens. Thus, we though it was reasonable to examine the effect of LmSIR2 on the cells of the immune system using a murine model.
To identify the cell populations responding to LmSIR2, we analysed the in vitro membrane expression of CD69, an early activation marker, by CD4 + , CD8 + and B cells. As shown in Fig. 1(a) , normal spleen cells from BALB/c mice, cultured in the presence of LmSIR2 for 20 hr, showed increased expression of CD69 marker on B cells compared to the unstimulated cells. Interestingly, no significant increase in CD69 surface expression was observed in the case of CD4 + and CD8 + T-cell populations when subjected to the same treatment. As a positive control, lipopolysaccharide (LPS) induced high expression of CD69 by B cells (Fig. 1a) . Therefore, in order to rule out the possibility that LmSIR2 biological activity could be linked to endotoxin contaminants, additional experiments where polymyxin B was added to the culture were conducted. As shown in Fig. 1(b) , the presence of polymyxin B was able to significantly abrogate the LPS activity whereas no effect on LmSIR2-induced up-regulation of CD69 expression by spleen cells could be demonstrated.
To further explore whether the activation of B cells by LmSIR2 requires T-cell dependent mechanisms, complementary experiments were done using BALB/c purified B splenocytes. LmSIR2-treated purified B cells showed significant increase of CD69 surface expression (95% CD69 positive B cells) when compared to the control nontreated cells (10% CD69 positive B cells). Positive control test using LPS as a triggering agent showed increased expression of CD69 on B cells. Interestingly, polymyxin B partially prevents LPS but not LmSIR2-induced CD69 expression (Fig. 1c) . These data allow excluding the potential involvement of contaminating endotoxin in LmSIR2-induced up-regulation of CD69 expression by B cells. Similar results were obtained when using spleen cells from athymic-BALB/c mice (nude mice; data not shown). It is thus reasonable to assume that the LmSIR2 preferentially triggers the direct activation of B cells.
LmSIR2 induces in vivo increased number of spleen B cells
Although LmSIR2 was able to stimulate the expression of CD69 on B cells, we failed to show in vitro LmSIR2-induced proliferation of B cells. Indeed, no proliferation of total spleen cells or purified B cells could be evidenced upon incubation with LmSIR2. This may suggest that, besides the LmSIR2 activity, others signals might be necessary to provide a fully B-cell activation and proliferation. 22 In order to analyse the in vivo effect of LmSIR2 on the cell populations, the protein was injected intravenously (i.v.) into BALB/c mice and 72 hr later the levels of cell populations in the spleen were determined by FACS analysis using mAb against cell surface markers. As shown in Fig. 2 , large increases in total splenocytes were seen in the case of LmSIR2-injected mice when compared to the PBS-injected mice. Analysis of subpopulations of splenocytes showed striking increase of B-cell number (1Á6-fold increase compared to the control mice, P < 0Á05) whereas no significant difference in total CD4 or CD8 cells could be evidenced when compared to the control mice. Because of the fact that the total increase in the number of spleen cells is much greater than that of B cells, we can not rule out that other cell populations (i.e. macrophages, dendritic cells) are responding to LmSIR2. It is also possible that the increased number of splenic B cells might be the result of migration of B cells from lymph nodes or peripherical blood, not cell division. Taken together these observations strengthen the notion that B cells are targets of LmSIR2. LmSIR2 injection into BALB/c mice promotes a strong humoral response with specific immunoglobulin secretion
To further examine the effects of LmSIR2 on the B-cell response, we determined the levels of the different isotypes in the sera of mice that received three i.p. injections of LmSIR2 at 7 days interval, and control mice, which received PBS. A strong humoral response, as evidenced by increased levels of total immunoglobulins, was found in the sera of BALB/c mice injected with LmSIR2 compared to the sera from PBS-treated mice (Table 1) . Statistical analysis showed significant differences between PBS and LmSIR2-treated mice only in the case of IgG antibodies (P ¼ 0Á005). Moreover, analysis of IgG antibodies showed significant increase in all IgG isotypes, being the higher increases in the IgG1 and IgG2a subclasses in the sera of mice which received LmSIR2 protein compared to the controls (P < 0Á05, Fig. 3a) . Further, we explored the specificity of the immune response. As indicated in Fig. 3(b) , mice treated with LmSIR2 developed IgG1 and IgG2a antibodies which recognized specifically LmSIR2. No reactivity could be seen when using heterologous antigens (i.e. KLH or myosin) or another recombinant Leishmania ribosomal protein namely LmS3a. However, very low reactivity was observed when using L. infantum total extracts in the ELISA test. This is not surprising given the specificity of the serum and that SIR2 protein is expressed at low levels whatever the Leishmania strain extract used (data not shown).
These observations indicate that LmSIR2 when injected without adjuvant in BALB/c mice induces a strong B-cell activation and differentiation leading to a strong humoral response with specific antibodies secretion.
LmSIR2 induce B-cell proliferation by a T-cell independent mechanism
The above data therefore suggested that LmSIR2 when administrated in vivo to BALB/c mice stimulates the B, but not the T lymphocytes, inducing B-cell differentiation. To further confirm that LmSIR2 was activating B cells, but not T cells, similar experiments were performed in nude mice using LmSIR2 that was passed through an EndoTrapÒred column to eliminate residual endotoxin contaminants. The data shown in Table 1 demonstrated that nude mice responded to LmSIR2 injection by producing significant levels of IgM antibodies when compared to PBS-injected nude mice (P ¼ 0Á0014). Moreover, the IgM antibodies when reacted in ELISA test showed specific recognition of LmSIR2 (Fig. 4) . Altogether, these data suggest that LmSIR2 triggered significant B-cell differentiation and secretion of specific antibodies. 
Anti-LmSIR2 antibodies bind to the amastigote surface
The above observations demonstrated that LmSIR2 immunization of mice induced a strong specific antibody response. Thus, we examined the reactivity of antiLmSIR2 mice immune serum against L. infantum axenic amastigotes carrying a luciferase encoding gene (LUC-L. infantum). As shown in Fig. 5(a) , sera from mice immunized with LmSIR2 recognized the corresponding antigen (MW % 52 000) in LUC-L.infantum extracts whereas no reactivity could be seen when using preimmune sera or the sera from PBS-injected mice. Moreover, indirect immunofluorescence assays showed a positive labelling in vesicles and in the flagellar pocket zone (Fig. 5b) , that may indicate protein secretion from the parasite. 23 We then analysed by FACS whether a binding of the anti-LmSIR2 antibodies was detectable. The results shown in Fig. 5(c) indicated that indeed, anti-LmSIR2 bound to the amastigote. The level of binding was approximately three times higher when using sera from LmSIR2-immunized mice compared to preimmune sera (MFI ¼ 45 and 15, respectively).
Anti-LmSIR2 antibodies induce complement mediated lysis and inhibit amastigote developpement inside macrophages in vitro
The above data indicate that LmSIR2 epitopes are expressed on the parasite surface and are accessible to the antibodies. Therefore, we thought it was reasonable to determine the ability of sera from LmSIR2-immunized mice to lyse in vitro LUC-L. infantum axenic amastigotes. As shown in Table 2 , the percentage of killing of amastigotes was between 21 and 45% depending on the concentration of serum used. As a control, preimmune serum was unable to support lysis of the parasites even at high concentration. This was also the case for a IIIG4 mAb against LmSIR2, 14 which showed no capacity to induce parasite lysis. This might be the result of the fact that IIIG4 mAb, being of the IgG1 subclass, fixes complement poorly. Furthermore, the anti-LmSIR2 immune serum was also found to be able to induce the lysis of LUC-L. infantum promastigotes (data not shown).
We also tested whether the anti-LmSIR2 immune sera were able to modulate in vitro amastigote-macrophage interaction. Mouse peritoneal macrophages were used as in vitro model to measure infection with LUC-L.infantum axenic amastigotes in the presence of heat-inactivated anti-LmSIR2 immune serum. Thus, peritoneal macrophages were incubated with LUC-L. infantum axenic amastigotes at a ratio of five parasites per macrophage in the presence of 1 : 10 dilution of preimmune serum or sera from LmSIR2 and PBS-injected mice. Twenty-four hr later, the level of infection was determined. As shown in Fig. 6 there was a significant inhibition of amastigote development inside macrophages in the presence of heatinactivated anti-LmSIR2 immune serum when compared to the control preimmune sera or sera from PBS-injected mice. These data suggest that anti-LmSIR2 sera in the absence of complement can reduce intracellular parasite development.
In preliminary immunization experiments, two groups of four mice each were injected i.p. with or without 50 lg of LmSIR2 in 200 ll of PBS three times at 7 day intervals. Fifteen days later, they were infected i.p. with 10 8 WT promastigotes. At 15 days postinfection, a significant decrease (%1Á5-log reduction; P ¼ 0Á03) of parasite load was observed in the spleen of LmSIR2-immunized mice in comparison to the control (PBS-injected mice).
Discussion
In the current study, we demonstrated that the Leishmania cytosolic nicotinamide adenine dinucleotidedependent deacetylase, LmSIR2, could directly activate B lymphocytes (but not T cells) from normal mice. However, although we were unable, though, to show the in vitro proliferation of spleen cells or purified B cells upon incubation with LmSIR2, in vivo administration of LmSIR2 i.v. into BALB/c mice triggered the differentiation of B cells, demonstrating therefore that LmSIR2 could serve as an important activation signal in vivo. Indeed, in vivo injection of LmSIR2 alone without adjuvant into BALB/c mice or nude mice induced the synthesis of IgG and IgM antibodies, respectively, thereby indicating that B cells were able to undergo differentiation into antibody-secreting cells. Several experiments demonstrated that the B lymphocytes were responding directly Figure 4 . Levels of specific IgM anti-LmSIR2 in the sera of BALB.-nude mice. Sera from LmSIR2 and PBS injected mice were reacted in ELISA assay against L. infantum total extract, LmS3a or LmSIR2. Statistically significant differences between sera from LmSIR2-treated and control mice were observed: *P < 0Á005.
to LmSIR2 and not to endotoxin contaminants. The production of antibodies in nude mice that lack T cells is direct evidence of the capacity of LmSIR2 to induce a humoral response by a T-cell independent mechanism. Because the nude mice are athymic, these animals cannot produce T-cell cytokines for isotype switching of antibodies. Indeed, in the case of BALB/c mice, an immunoglobulin isotype switch occurs, as shown by the high production of all IgG isotypes. Taken into account that T-cell independent antigens stimulate mainly the IgM production, being the IgG secretion in lower amounts, restricted to the IgG3 isotype 24 it is tempting to speculate that LmSIR2 has dual functions in vivo, being able to act as a T-cell independent or a T-cell dependent antigen, which could explain its enhanced immunogenicity. However, the classic division of antigens in these two categories is not absolute. In fact, previous studies in hepatitis B and vesicle stomatites virus have already reported the existence of antigens that can induce B-cell activation and proliferation through both T-dependent and -independent mechanisms. 25, 26 However, other possible interpretations can be made. It has been proposed that in immunocompetent mice, after activating the B cells, some T-independent antigens require a 'second signal' in order to develop an IgG secretory response 27 and this could also be the case for LmSIR2. However, so far the support for the 'second signal hypothesis' has been elusive. This may be due to the high number of candidates that are capable of giving this potential second signal. 27 Thus, these responses might be dependent on differentiation-inducing factors produced by antigen non-specific cells. 28 Natural killer cells and macrophages were already been referred to be involved in this process, as much for the release of cytokines after activation as for the mobilization of T cells and thereby their derived cytokines. 29 Recently, two tumour necrosis factor (TNF) family ligands, BAFF (B-cell activation factor of the TNF family) and APRIL (a proliferation-inducing ligand) were implicated in several immunological phenomena, such as peripheral B-cell survival, T-cell independent antibody isotype switching, and the induction of self-reactive B cells. 30 These ligands are expressed in macrophages, dendritic cells and T cells, and their up-regulation caused by cytokines produced through the activation of the immune system provides survival signals, and also may contribute to class switch recombination in B cells activated by T-independent antigens. 31 Thus, so far, the mechanism by which LmSIR2 is capable of inducing immunoglobulin isotype switching in the presence of T cells but not in their absence (BALB/c mice and BALB.nude mice, respectively) is still unknown. Further studies will have to investigate in detail the mechanisms leading to the LmSIR2-induced isotype switching in vivo.
It is well known that Leishmania spp. release a large number of molecules that could act as mitogenic substances inducing polyclonal lymphocyte responses and consequently a general lack of specificity of antibodies and T-cell responses during the infection. Indeed, soluble parasite-derived antigens from L. major and L. donovani are mitogenic and trigger the production of immunoglobulins with autoantibody activity. 6 Thus, crude extracts of L. donovani contains components that cause strong in vitro polyclonal activation of hamster spleen cells. 7 Moreover, an excreted factor derived from the culture medium of L. major was found to suppress concanavalin A-induced polyclonal activation of mouse T cells. 32 Furthermore, in previous reports, we have identified a Leishmania gene encoding a protein sharing significant homology to mammalian ribosomal proteins S3a named LmS3a exhibiting dual activity being stimulatory and inhibitory towards T and B cells, respectively. 33 The investigations on the immunogenicity of LmS3a have revealed that in vivo, a single injection of the recombinant protein without any adjuvant into mice induced a quick increase in the number of B cells and the production of high levels of immunoglobulins, mainly of IgM isotype. The IgM response was mostly unrelated to the antigens present in the total parasite extracts or to the protein itself. These observations contrasted with the in vivo LmSIR2 activity on B cells. Indeed, although the protein triggered B-cell differentiation, the antibodies produced reacted specifically against SIR2 and not other heterologous antigens such as myosin or KLH, and were able to induce the complementmediated killing of amastigotes and inhibition of their multiplication inside macrophages. Indirect immunofluorescence assays of L. infantum axenic amastigotes with sera from LmSIR2-immunized mice showed the presence of SIR2 protein in vesicles and in the flagellar pocket zone, already known to be filled with secretory material; 23 this being therefore in agreement with our previous observations. 18 Moreover, using a highly sensitive radiolabelled immunoprecipitation technique, we observed that SIR2 is among the parasite excretedsecreted antigens (unpublished data). Results from the in vitro macrophage infections with LUC-L. infantum amastigotes, the presence of anti-LmSIR2 sera may indicate a potential role of SIR2 in the binding, internalization and/or multiplication of the parasite in the macrophage.
Studies on the molecular mechanisms of parasite entry into macrophages have led to the identification of several candidate receptors facilitating multiple routes of entry. 34 Indeed, internalization of promastigotes into macrophages has been shown to be mediated by macrophage membrane proteins such as the mannose receptor, 35 the fibronectin receptor, 36 the Fc receptor (FcR), 37 and the complement receptors such as CR1 (CD35) and CR3 (CD11b/CD18). 35, 38 Thus, the in vitro modulation of macrophage infection by anti-LmSIR2 antibodies may suggest possible roles of SIR2 in the internalization process of the amastigote and/or further multiplication of the parasite.
Evasion from the host complement system is one of the strategies used by Leishmania parasites to avoid host immune defence. 39 Indeed, metacylic promastigotes and amastigotes are relatively resistant to direct serum killing. 40 However, previous studies have shown that antibodies that were able to bind to living parasites and lyse them in conjunction with complement were associated with host protection. 20 Thus, one can assume that, the production of antibodies capable of enhancing complement cytotoxicity towards the amastigote stage might be, working in co-operation with the cellular immunity, an important requirement for effective antiparasitic immunity. 41 Given that the anti-LmSIR2 sera induced complement-mediated lysis of amastigotes and promastigotes, one may speculate that a LmSIR2 immunization can be seen as capable of protecting the host against infection and disease progression.
Although it has been reported that the antibodies may play a role in the host protection mechanisms against experimental leishmaniasis 12 a more recent study has shown that antibodies could exert deleterious effects on the host. In fact, by using B cell-mutant mice and genetically modified mice lacking circulating antibodies infected with L. amazonensis and L. pifanoi, the authors reported that these mice developed barely detectable lesions compared to control BALB/c mice. 42 Reconstitution of the B cell-mutant with the immune anti-Leishmania serum increased the pathological processes in the otherwise non-susceptible mice. Therefore, preliminary BALB/c immunization experiments were conducted using LmSIR2 protein. A significant decrease of parasite load in the spleen of LmSIR2-immunized mice was observed in comparison to non-immunized control mice at 2 weeks postchallenge infection. Thus, it is reasonable to suggest that anti-LmSIR2 antibodies may in part play a role in protective immune mechanisms rather than exacerbating the disease. Further studies using different doses and routes of immunization are needed to explore further the protective role of the LmSIR2 molecule.
The LmSIR2 protein belongs to a highly conserved family of closely related proteins in both prokaryotic and eukaryotic species. 43 Historically, the biological significance of SIR2-like proteins was attributed to the histones' deacetylation, leading to chromatin condensation and transcriptional silencing. 44 However, diverse cellular localizations were found among SIR2 homologues, suggesting that these enzymes have other physiological substrates than histones and thus several biological functions inside the different organisms. Indeed, several roles have been attributed to SIR2-related family of proteins including cell cycle progression and chromosome stability, 45 DNAdamage repair, 46 life span extension in yeast 47 and in Caenorhabditis elegans. 48 To our knowledge, this report is the first description of a protein belonging to this large family, which is among the Leishmania cytosolic and secretory products that proved to have a role in the regulation of the immune response through its capacity to trigger preferentially B-cell effector functions. The high degree of homology within this family of proteins, and the fact that homologues have been found in mouse 49 and human 50 has led us to perform additional experiments in order to verify the possibility of the existence of SIR2 cross-reactive epitopes on the mouse and human cells that could be recognized by the sera from LmSIR2-immunized mice. Using different approaches (Western blot, ELISA, immunoprecipitation of [ 35 S]methioninelabelled mouse spleen cells) no such cross-reactivity was found, arguing for the Leishmania specificity of the antibodies produced by LmSIR2 immunization (data not shown).
In summary, our present results show that LmSIR2 is a potent B-cell modulatory factor both in vitro and in vivo. Following the injections of LmSIR2 without adjuvant a selective B-cell response was induced resulting in a surprisingly parasite-specific production of antibodies, which were lytic in co-operation with the complement, and restrain the capacity of the parasites to infect macrophages. There is strong evidence that an ideal vaccine, especially against visceral leishmaniasis, may require the induction of both humoral and cellular branches of the immune system, for maximum efficiency. 11 In that view, one can consider LmSIR2 to be among vaccination candidate, taking into account the safety and the strong response when delivered in a low dose. Overall, these data add LmSIR2 to the list of Leishmania antigens that could specifically stimulate the immune system of the host and suggest that LmSIR2 could be among the parasite molecules to be used to design an optimal multicomponent vaccine to control Leishmania infection.
